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Abstract: Epidermal Growth Factor (EGF) is known for its role in promoting cell division and cellular differentiation in 
developing animals, but we know surprising little about what EGF does in vivo in mature adult animals. Here I review EGF 
signaling, emphasizing several recent studies that uncovered an unexpected role for EGF in promoting longevity and 
healthspan in mature adult C. elegans. EGF, acting through phospholipase Cy and the IP 3 receptor signaling, maintains 
pharyngeal and body wall muscle function in aging adults, and delays the accumulation of lipofuscin-enriched aging 
pigments within intestinal cells. EGF also acts through the Ras/ERK pathway to regulate protein homeostasis by promoting 
the expression of antioxidant genes, stimulating the activity of the Ubiquitin Proteasome System (UPS), and repressing the 
expression of small heat shock protein chaperones. The effects of EGF signaling on lifespan are largely independent of 
Insulin/IGF-like Signaling (IIS), as the effects of EGF signaling mutants on lifespan and heathspan are not affected by 
mutations in the DAF-2 insulin receptor or the DAF-16 FOXO transcription factor. Nevertheless, these two signal pathways 
have multiple points of overlap, coordination, and cross regulation. I propose that the IIS and EGF signaling pathways 
respond to environment and to developmental timing, respectively, so as to coordinate the appropriate physiological 
strategy that cells use to maintain protein homeostasis. 



The discovery of epidermal growth factor 

Many diverse functional roles for Epidermal Growth 
Factor (EGF) have been uncovered since its discovery 
by Stanley Cohen more than half a century ago [1]. 
Cohen had noted that the injection of crude 
submaxillary gland preparations into newborn mice 
resulted in increased epidermal growth and 
keratinization, triggering the premature opening of the 
eyelid [1, 2], Using precocious eyelid opening as a 
bioassay, Cohen isolated and identified EGF as a small 
secreted protein rich in disulphide bonds [3-6]. Latter 
experiments showed that EGF could induce mitosis of 
cultured epidermal cells, promote DNA synthesis, 
stimulate translation, and increase protein 
phosphorylation [7-9]. A rush to identify t he receptor 



for EGF and its downstream signaling components 
ensued. 

Our understanding of the function of endogenous EGF 
signaling in vivo was facilitated by developmental 
genetic studies in several model organisms. In 
Drosophila, there is a single EGF receptor with multiple 
EGF ligands, and EGF signaling has been implicated in 
embryonic pattern formation, larval disc proliferation, 
and multiple cell fate decisions [10-12]. In C. elegans, 
there is a single gene for EGF, called lin-3, and a single 
gene for its receptor, called let-23, that were originally 
identified based on their role in the induction of the 
nematode vulva from undifferentiated epithelial 
precursor cells [13, 14]. A single anchor cell situated 
above the epithelial layer secretes LIN-3/EGF, which 
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acts on the epithelial neighbors nearest to the anchor 
cell, inducing them to adopt the vulval fate during larval 
development. Hypomorphic mutations that impair EGF 
signaling result in a failure of vulval fate specification, 
resulting in a vulvaless animal that cannot lay eggs (the 
"bag of worms" phenotype) [15, 16]. EGF is also 
required for larval survival, as a null mutation in the 
EGF receptor (EGFR) results in LI stage larval lethality 
[17, 18]. Additional functions for EGF include a role in 
reciprocal signaling from the vulval back to the uterus 
to coordinate the development of these connected 
tissues, promotion of male spicule development, and 
induction of P12.p cell fate in the epithelia [18, 19]. In 
addition to being a developmental signal, EGF also acts 
as a physiological signal, promoting ovulatory 
contractions of the gonad sheath cells and inducing a 
reversible nervous system quiescence during each larval 
molt [20, 21]. 

EGF signaling can occur through multiple signal 
transduction pathways 

A combination of many years of biochemical and 
genetic studies has elucidated several parallel signal 
transduction pathways used by EGF and its receptor 
(Figure 1). Upon EGF binding, the EGFR becomes 
autophosphorylated, resulting in the recruitment of 
adaptors like Grb2/SEM-5 and activation of the 
Ras/ERK signal transduction cascade [22]. In C. 
elegans, LIN-3/EGF activates LET-60/Ras and MPK- 
1/ERK to promote vulval differentiation through the 
modulation of multiple transcription factors [23]. 
EGFR activation also stimulates phospholipase C 
gamma (PLCy) [24, 25], resulting in the production of 
inositol 1,4,5-trisphosphase (IP3) and the release of 
calcium from intracellular stores via the IP 3 receptor. 
The C. elegans PLCy and IP3 receptor are encoded by 
PLC-3 and ITR-1, respectively, and C. elegans uses this 
pathway to promote ovulatory contractions in response 
to LIN-3/EGF [21, 26]. Finally, EGFR activation can in 
turn promote phosphoinositide 3 -kinase (PI3K) activity 
either directly, with the p85 regulatory subunit of PI3K 
recognizing the phosphorylated receptor, or indirectly, 
with p85 interacting through a Grb2/GAB complex. 
Activated Ras can also activate the PI3K pi 10 catalytic 
subunit [27]. Once activated, PI3K converts 
phosphatidylinositol (4,5)-bisphosphate (PIP2) into 
phosphatidylinositol (3,4,5)-triphosphate (PIP3). PIP3 in 
turn binds the pleckstrin homology (PH) domain of Akt, 
stimulating its kinase activity and promoting the 
phosphorylation of proteins that regulate cell growth, 
cell cycle entry, and cellular survival [28]. This 
includes mammalian target of rapamycin (mTOR), a 
positive regulator of translation [29]. It is unknown 
whether C. elegans LIN-3/EGF signaling activates 



PI3K (AAP-1, PDK-1, and AGE-1 in C. elegans) or Akt 
(AKT-1 and AKT-2 in C. elegans); however, 
Insulin/IGF Signaling (IIS) has been implicated in 
regulating longevity through PI3K and Akt [30]. 

EGF implicated in longevity and healthspan 

Several recent studies have implicated a novel function 
for EGF signaling in promoting C. elegans longevity. 
One of these studies was originally prompted from 
analysis of the IIS pathway, another signaling pathway 
long implicated in aging. Central to the IIS pathway in 
C. elegans is the DAF-2 insulin receptor, which signals 
through the AGE-1 PI3K to inhibit longevity [31]. In 
well-fed animals, DAF-2 becomes activated, triggering 
the phosphorylation of the DAF-16 FOXO transcription 
factor by AKT-1, AKT-2, and SGK-1, which prevents it 
from accumulating in the nucleus [32-36]. By contrast, 
stress or acute nutrient deprivation depresses IIS 
activity, releasing DAF-16/FOXO to enter into the 
nucleus and regulate the transcription of genes involved 
in dauer formation (a diapause state), metabolism, lipid 
storage, stress response, and lifespan extension [37-42]. 
While there is a single DAF-2 insulin receptor, there are 
forty putative insulin-like ligands in the C. elegans 
genome, as well as multiple insulin receptor-related 
proteins that are predicted to be secreted molecules [43- 
45]. Iwasa et al. recently screened these proteins by 
RNAi-mediated knockdown to identify candidates that 
might have a role in promoting healthy longevity [46]. 
Either RNAi-mediated knockdown or deletion 
mutations for two of these genes, named HPA-1 and 
HPA-2 for high performance in old age, resulted in 
increased healthy longevity based on locomotory 
activity, pharyngeal activity, and age-pigment 
accumulation in older animals compared to wild-type 
controls. While HPA-1 and HPA-2 both contain 
sequences similar to the ligand binding region of the 
insulin receptor, genetic analysis between hpa-1, hpa-2, 
daf-2, and daf-16 mutants indicated that HPA-1 and 
HPA-2, at least in part, normally function to shorten 
healthy lifespan by a mechanism that is independent of 
IIS. Interestingly, HPA-1 and HPA-2 contain leucine- 
rich domains similar to those of mammalian EGFR- 
related protein (ERRP), a secreted negative regulator of 
the EGFR, raising the possibility that HP A- 1/2 might 
inhibit lifespan by antagonizing the LET-23/EGFR [47]. 
Given its multiple roles in cellular growth and early 
development, it is not surprising that EGF had not been 
a major focus of study for a role in lifespan and aging. 
Indeed, many EGF signaling mutants display 
developmental defects that preclude analysis of 
lifespan. To get around this problem, Iwasa et al. 
examined animals with temperature-sensitive loss of 
function mutations in the LET-23/EGFR and found that 
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Figure 1. EGF signaling regulates protein and calcium homeostasis in adult C. elegans. (A) During larval growth, LIN- 
3/EGF levels in the epithelium are relatively low. Additionally, extracellular HPA-1 and HPA-2 keep EGF signaling repressed by 
either antagonizing the receptor or the ligand. In the absence of EGF signaling, protein homeostasis is primarily regulated by sHSP 
chaperones. Native proteins (green elipse) are kept folded and prevented from aggregating by sHSPs. (B) As animals enter 
adulthood, LIN-3/EGF is resynthesized and secreted, activating the LET-23/EGFR. Activated LET-23/EGFR recruits PLC-3/PLC, which 
produces IP 3 to activate the ITR-1 IP 3 receptor, resulting in the release of calcium from stores within the ER. How calcium release 
promotes longevity is not known. Activated LET-23 also recruits the Ras/ERK signaling cascade, which phosphorylates multiple 
transcription factors, including EOR-1 and SKN-l.SKN-1 activates the transcription of phase 2 antioxidant and detoxification 
enzymes, which help to minimize protein oxidation. EOR-1 and EOR-2 repress the expression of sHSP genes while activating the 
expression of multiple F-box proteins and the Cullinl adaptor SKR-5, promoting global protein turnover. Combined, these changes 
in the transcriptional profile alter the mechanism for maintaining protein homeostasis from one focused around refolding proteins 
and preventing aggregation to one focused around preventing the accumulation of oxidized proteins. 
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they had a reduced lifespan and diminished health at 
later developmental time points [46]. Partial loss of 
function mutations in LIN-3/EGF resulted in a similar 
longevity phenotype. They also examined animals with 
a gain of function mutation, let-23(sa62), in the 
extracellular domain of LET-23/EGFR that results in 
ligand-independent constitutive activation of the 
receptor [48]. Gain of function let-23 mutants showed 
increased longevity, delayed sarcopenia and age 
pigment accumulation, and healthier locomotion 
behaviors later in life compared to wild-type controls. 
In contrast to the effects of IIS pathway mutations, the 
effects of EGF signaling pathway mutations on lifespan 
were not additive with the effects of RNAi knockdown 
on HPA-1 and HPA-2, consistent with HP A- 1/2 
functioning in the EGF signaling pathway, most likely 
by antagonizing EGFR function or EGF/EGFR 
interaction. 

Iwasa et al. examined mutations in the different 
signaling pathways downstream of LET-23/EGFR [46]. 
RNAi knockdown of LET-60/Ras and MPK-1/ERK did 
not block the extended lifespan observed in let-23(sa62) 
gain of function mutants. By contrast, either RNAi 
knockdown or mutations in PLC-3/PLCy or the ITR- 
1/IP 3 receptor blocked the increase in healthy aging 
observed in let-23(sa62) mutants. Loss of function and 
gain of function mutations in ITR-1 resulted in reduced 
and enhanced lifespan, respectively, even in the absence 
of let-23(sa62) mutations, indicating that EGF signaling 
promotes healthy aging in C. elegans through activation 
of PLCy and the IP3 receptor, presumably triggering 
calcium release from internal stores. It remains unclear 
how accelerated release from internal calcium stores 
could promote longevity, although one possibility could 
be that alterations in ovulation, which are regulated by 
EGF/PLCy/IP3 signaling in the C. elegans gonad, 
contribute to the observed changes in healthy lifespan 
[49]. Alternatively, elevated cytosolic calcium might 
activate beneficial calcium-dependent pathways that 
promote longevity. 

Other branches of the EGF signal transduction pathway 
besides just the PLCy/IP3 pathway contribute to aging. 
Recently, Okuyama et al. tested for a role for Ras/ERK 
signaling in lifespan regulation [50]. To get around the 
problem of developmental defects, they performed 
RNAi knockdown of LIN-45/RAF, MEK-2/MEK, and 
MPK-1/ERK after animals had reached adulthood. 
Knockdown of these genes, as well as treatment with 
the MEK inhibitor U0126, resulted in a shorter lifespan. 
By contrast, knockdown of LIP-1, a phosphatase that 
normally antagonizes MPK-1/ERK, resulted in lifespan 
extension [51]. One of the phosphorylation substrates 
of mammalian ERK is Nrf2, a transcription factor that 



mediates the antioxidant response during oxidative 
stress [52]. In C. elegans, Nrf2 is encoded by SKN-1, 
which is required for normal lifespan and stress 
resistance [53, 54]. MPK-1/ERK phosphorylates SKN- 
1, promoting its activation and nuclear accumulation, 
and knockdown of MPK-1/ERK by RNAi does not 
result in additional lifespan reduction in the absence of 
functional SKN-1, suggesting that Ras/ERK signaling 
can promote lifespan extension, at least in part, through 
activation of SKN-1 and the antioxidant response [50]. 

EGF regulates protein homeostasis via the Ubiquitin 
Proteasome System 

Activation of SKN- 1 is not the only way by which EGF 
signaling through Ras/ERK affects lifespan. Indeed, a 
role for EGF in longevity was also recently 
demonstrated by Liu et al., using a completely different 
approach [55]. These researchers were examining 
protein homeostasis regulation by the Ubiquitin 
Proteasome System (UPS) in C. elegans using an 
Ub G76V -GFP chimeric reporter for UPS activity. 
Chimeric Ub G76V -GFP protein contains an amino- 
terminal ubiquitin fused in frame with GFP, but with a 
mutation at glycine 76 that prevents the cotranslational 
cleavage that would otherwise release ubiquitin from 
GFP after synthesis [56-58]. The resulting uncleaved 
Ub G76V -GFP protein mimics a monoubiquitinated GFP 
and is an efficient, non-specific substrate for additional 
polyubiquitination and proteolysis by the 26S 
proteasome. Ub G76V -GFP essentially acts as an inverse 
reporter for UPS activity, yielding high GFP 
fluorescence when UPS activity is low and vice versa. 
Liu et al. used different cell-type specific promoters to 
express Ub G76V -GFP in different C. elegans tissues. 
They noticed that Ub G76V -GFP levels in larvae remained 
relatively high in epithelia, but that epithelial Ub G76V - 
GFP was rapidly degraded as animals matured into 
fertile adults, suggesting that the steady state levels of 
UPS activity are low during early development, but 
become enhanced at a specific point in adult maturation. 
To identify the biological signal that triggers this 
augmentation in UPS activity in adulthood, they 
undertook a candidate gene approach looking at known 
genes that had been previously implicated in regulating 
protein turnover. A role for fibroblast growth factor 
(FGF) and Ras/ERK signaling in protein turnover had 
previously been demonstrated in C. elegans body wall 
muscle [59]. Liu et al. found that whereas Ras/ERK 
signaling was required for Ub G76V -GFP turnover in 
adult epithelia, FGF was not required. Reasoning that 
the FGF ligand might be specific for muscle, and that 
different tissues might use different signaling ligands to 
regulate UPS activity, they examined EGF signaling 
mutants, including lin-3 and let-23. Loss of either LIN- 
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3/EGF or LET-23/EGFR prevented the rapid 
degradation of Ub G76V -GFP as animals entered 
adulthood. By contrast, the let-23(sa62) gain of 
function mutation in the EGFR resulted in precocious 
turnover of Ub G76V -GFP during larval development. 
Thus, EGF signaling through the Ras/ERK pathway, but 
not through the PLCy/IP3 pathway, was directing 
protein turnover in adult epithelia. 

Using this same candidate gene approach, Liu et al. also 
identified components of the Ubiquitin Fusion 
Degradation (UFD) machinery as being required for 
Ub G76V -GFP turnover [55]. The UFD is a collection of 
E3 ubiquitin ligases and E4 polyubiquitin extension 
enzymes that recognize protein substrates attached with 
a small chain (1-3 units) of ubiquitin and then catalyze 
the addition of more ubiquitin molecules, resulting in an 



extended polyubiquitin chain that targets the attached 
substrate protein for degradation [57, 60-62]. 
Interestingly, Liu et al. found that mutants for multiple 
UFD component genes had a decreased lifespan, similar 
to the lifespan of EGF mutants revealed by Iwasa et al. 
Importantly, mutations in these UFD genes could 
suppress both the lifespan extension and the premature 
UPS activation observed in let-23 gain of function 
mutations. These findings suggested that EGF pro- 
motes longevity by tuning the level of UPS activity at 
different stages of development, presumably having a 
significant impact on protein homeostasis. The finding 
that Ras/ERK signal transduction is required for EGF to 
activate the UPS strongly suggested that the connection 
between EGF signaling and UPS activity would involve 
transcriptional changes. 




Figure 2. Multiple pathways interact with the EGF pathway to regulate longevity. Different steps from multiple 
signal transduction pathways known to regulate longevity are shown on each row, including extrinsic inputs into the 
pathway (e.g., nutrient status, environmental stress, et cetera), extracellular ligands, transmembrane receptors, 
intracellular signaling cascades, transcription factors, and ultimate physiological outputs. Arrows indicate positive 
"stimulatory" genetic interactions, whereas T-bars indicate negative "repressive" genetic interactions. Dotted lines 
indicate feedbacks loops. Red letters indicate genes whose wild-type function ultimately acts to shorten lifespan, 
whereas green letters indicate genes whose wild-type function ultimately acts to enhance lifespan. Not all interactions 
should be considered of equal weight (e.g., different signaling pathways are activated depending on the timing and 
degree of nutrient deprivation). Additional reviews describe these other signaling pathways in more detail [30, 81-91]. 
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A number of transcription factor targets of EGF 
signaling are known in C. elegans. Whereas the 
transcriptional targets that mediate vulval differentiation 
do not appear to be required for regulated UPS activity, 
the transcription factors EOR-1 and EOR-2 are essential 
for the activation of the UPS in adults [55]. Indeed, 
mutations in eor-1 completely blocked the accelerated 
UPS turnover observed even in the gain of function let- 
23 mutants. EOR-1 is similar to PLZF, a transcription 
factor implicated in acute promyelocytic leukemia [63, 
64]. Microarray analysis yielded an expression profile 
for EOR-1 -regulated genes, including multiple target 
genes involved in the UPS, fat metabolism, and the heat 
shock chaperone response, as well as several genes with 
previously identified roles in regulating longevity 
(several are targets of DAF-16/FOXO). 

Interestingly, EGF signaling through EOR-1 results in 
the downregulation of small Heat Shock Proteins 
(sHSPs) of the Hspl6 family [55]. Hspl6 chaperones 
act in the cytosol to prevent the aggregation of 
misfolded and damaged proteins, and appear capable of 
reversing protein aggregation [65-67]. As a 
consequence, mutants defective in EGF/EOR-1 
signaling have elevated Hspl6 chaperone levels and 
thus accumulate aggregates of metastable proteins at a 
slower rate than that of wild type [55]. By contrast, 
mutants with enhanced EGF signaling, like let-23(sa62) 
mutants, have reduced Hspl6 levels and are more 
susceptible to protein aggregation. Thus, EGF signaling 
affects protein homeostasis by modulating the cellular 
anti-aggregation response. 

Concurrently, EGF signaling through EOR-1 also 
results in the upregulation of SKR-5, a Skpl-like 
adaptor protein [55]. Skpl adaptors act to recruit 
different F-box substrate recognition proteins to Cullinl 
scaffolding molecules, facilitating the formation of 
hundreds of different E3 ubiquitin ligases [68-71]. The 
C. elegans genome contains a single Cullinl gene and 
21 Skpl-like adaptors [72]. Perhaps the upregulation of 
SKR-5 by EGF/EOR-1 signaling results in the 
activation of multiple different F-box/E3 ubiquitin 
ligase complexes? Consistent with this possibility, loss 
of function mutations in skr-5 prevent the activation of 
the UPS as animals enter adulthood and have an 
accelerated aging defect similar to that of mutants for 
UFD complex components [55]. Mutations in skr-5 
also block the precocious activation of the UPS and the 
increased longevity observed in let-23(sa62) mutants. 
Whereas upregulation of the SKR-5 adaptor is probably 
not the entire explanation for the activation of the UPS 
in adults, it does suggest that by regulating the 
expression of specific adaptors, cells can change whole 
batteries of different E3 ligases, and hence the stabilities 



of their different target proteins. In the case of EGF 
signaling, this mechanism might be regulating aging by 
simply increasing the surveillance of oxidized proteins. 
Alternatively, it could be regulating other signaling 
pathways involved in aging. For example, several E3 
ubiquitin ligases have been implicated in aging through 
their regulation of DAF-16/FOXO or PHA-4/FOXA 
[73-79]. 
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Figure 3. Environment and developmental timing to- 
gether specify the physiological strategy cells use to 
maintain protein homeostasis. The left hand column indicates 
different environmental conditions that nematodes encounter, 
ranging from well fed (i.e., abundant nutrients), to acute or sparse 
nutrient availability, to more severe and chronic dietary 
restriction. The right hand columns show the resulting 
predominant physiological state that occurs depending on the 
stage in development (i.e., larvae versus adulthood) at which the 
animal encounters the indicated environmental conditions. We 
hypothesize that signaling pathways like the EGF pathway and IIS 
pathway respond to environmental conditions and to 
developmental timing so as to coordinate the appropriate 
physiological response. 



EGF signals a change in strategy for maintaining 
protein homeostasis 

Taken together, it would appear that EGF is used as a 
signal not only for tissue morphogenesis during 
development, but for regulating tissue physiology as 
well. Initially, nematodes use LIN-3/EGF to induce 
epithelia morphogenesis during larval development. As 
nematodes enter adulthood, their epithelia resynthesize 
LIN-3/EGF, perhaps as an autocrine signal, to trigger 
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the activation of multiple signal transduction pathways, 
altering calcium homeostasis, translation, protein 
folding and anti-aggregation, and UPS activity and 
protein turnover (Figure 2). This represents a strategic, 
genetically programmed switch in cellular physiology 
as animals mature into adulthood, with timing that 
closely parallels the final maturation of the germline, 
suggesting that these two events might be coupled. 
Given the close timing to germline maturity, its 
reasonable to speculate that this EGF-triggered switch 
in physiology might have evolved to maximize 
organismal health at the period of peak fecundity. If 
this is the case, then the impact of EGF signaling on 
aging might simply be a lucky consequence of 
optimized fitness during young adulthood. By 
maximizing organismal health during the period of 
fecundity, the animal is able to ward off physiological 
decline associated with aging even long after it has 
depleted its germ cells and fertility no longer matters, 
with the added benefit of extended longevity, at least 
under laboratory conditions. 

A number of important questions remain. What triggers 
the reactivation of LIN-3/EGF expression in adults? Is 
EGF signaling and UPS upregulation coupled to the 
maturation of the germline? Or are other developmental 
timing mechanisms involved? What is it about calcium 
release from internal stores that results in increased 
longevity? Is the turnover of all proteins affected by 
EGF signaling, or just specific subsets? What are the 
different F-box proteins that interact with SKR-5 as 
opposed to the other Skpl-like adaptors? Finally, how 
do the EGF and IIS pathways interact? There are 
common transcriptional targets between EOR-1 and 
DAF-16, including SKR-5 [41, 55], and EOR-1 
upregulates INS-7, a ligand for DAF-2 with a known 
role in lifespan [80]. In addition, both IIS and EGF 
signaling converge on the transcription factor SKN-1, 
and SKN-1 in turn feeds back on IIS signaling through 
its regulation of INS-39 and DAF-28 [50]. The 
combined pathways, with IIS responding to nutritional 
status and EGF signaling responding to developmental 
timing, together create the physiological state most 
suited for surviving the environment at that stage in life 
(Figure 3). Future efforts towards understanding how 
these pathways interact will have important implications 
for understanding not only the aging process itself, but 
cancer, neurodegenerative disorders, and other diseases 
that are associated with aging. 

ACKNOWLEDGMENTS 

We thank Monica Driscoll and Simon Yu for critical 
comments on the manuscript. This work was supported 
by National Institutes of Health (NIH) R01 NS42023. 



CONFLICT OF INTERESTS STATEMENT 

The authors of this manuscript have no conflict of 
interest to declare. 

REFERENCES 

1. Cohen S. Purification of a Nerve-Growth Promoting Protein 
from the Mouse Salivary Gland and Its Neuro-Cytotoxic 
Antiserum. Proceedings of the National Academy of Sciences of 
the United States of America. 1960; 46: 302-311. 

2. Cohen S and Elliott GA. The stimulation of epidermal 
keratinization by a protein isolated from the submaxillary gland 
of the mouse. The Journal of Investigative Dermatology. 1963; 
40: 1-5. 

3. Cohen S. Isolation of a mouse submaxillary gland protein 
accelerating incisor eruption and eyelid opening in the new-born 
animal. The Journal of Biological Chemistry. 1962; 237: 1555- 
1562. 

4. Taylor JM, Mitchell WM, and Cohen S. Epidermal growth 
factor. Physical and chemical properties. The Journal of 
Biological Chemistry. 1972; 247: 5928-5934. 

5. Savage CR, Jr. and Cohen S. Epidermal growth factor and a 
new derivative. Rapid isolation procedures and biological and 
chemical characterization. The Journal of Biological Chemistry. 
1972; 247: 7609-5611. 

6. Savage CR, Jr., Inagami T, and Cohen S. The primary structure 
of epidermal growth factor. The Journal of biological chemistry. 
1972; 247: 7612-7621. 

7. Armelin HA. Pituitary extracts and steroid hormones in the 
control of 3T3 cell growth. Proceedings of the National Academy 
of Sciences of the United States of America. 1973; 70: 2702- 
2706. 

8. Hollenberg MD and Cuatrecasas P. Epidermal growth factor: 
receptors in human fibroblasts and modulation of action by 
cholera toxin. Proceedings of the National Academy of Sciences 
of the United States of America. 1973; 70: 2964-2968. 

9. Cohen S and Taylor JM. Epidermal growth factor: chemical 
and biological characterization. Recent Progress in Hormone 
Research. 1974; 30: 533-550. 

10. Schweitzer R and Shilo BZ. A thousand and one roles for the 
Drosophila EGF receptor. Trends In Genetics. 1997; 13: 191-196. 

11. Freeman M. Complexity of EGF receptor signalling revealed 
in Drosophila. Current opinion in Genetics & Development. 
1998; 8: 407-411. 

12. Shilo BZ. Signaling by the Drosophila epidermal growth factor 
receptor pathway during development. Experimental Cell 
Research. 2003; 284: 140-9. 

13. Hill RJ and Sternberg PW. The gene lin-3 encodes an 
inductive signal for vulval development in C. elegans. Nature. 
1992; 358: 470-476. 

14. Aroian RV, Koga M, Mendel JE, Ohshima Y, and Sternberg 
PW. The let-23 gene necessary for Caenorhabditis elegans vulval 
induction encodes a tyrosine kinase of the EGF receptor 
subfamily. Nature. 1990; 348: 693-699. 

15. Sundaram MV. RTK/Ras/MAPK signaling. WormBook. 2006; 
1-19. 

16. Sternberg PW. Vulval development. WormBook. 2005; 1-28. 

17. Herman RK. Crossover suppressors and balanced recessive 
lethals in Caenorhabditis elegans. Genetics. 1978; 88: 49-65. 



www.impactaging.com 



902 



AGING, September 2011, Vol.3 No.9 



18. Aroian RV and Sternberg PW. Multiple functions of let-23, a 
Caenorhabditis elegans receptor tyrosine kinase gene required 
for vulval induction. Genetics. 1991; 128: 251-267. 

19. Chang C, Newman AP, and Sternberg PW. Reciprocal EGF 
signaling back to the uterus from the induced C. elegans vulva 
coordinates morphogenesis of epithelia. Curr Biol. 1999; 9: 237- 
246. 

20. Van Buskirk C and Sternberg PW. Epidermal growth factor 
signaling induces behavioral quiescence in Caenorhabditis 
elegans. Nat Neuroscience. 2007; 10: 1300-1307. 

21. Yin X, Gower NJ, Baylis HA, and Strange K. Inositol 1,4,5- 
trisphosphate signaling regulates rhythmic contractile activity of 
myoepithelial sheath cells in Caenorhabditis elegans. Mol Biol 
Cell. 2004; 15: 3938-3949. 

22. Rozakis-Adcock M, Fernley R, Wade J, Pawson T, and Bowtell 
D. The SH2 and SH3 domains of mammalian Grb2 couple the EGF 
receptor to the Ras activator mSosl. Nature. 1993; 363: 83-85. 

23. Sternberg PW. Pathway to RAS. Genetics. 2006; 172: 727- 
731. 

24. Bedrin MS, Abolafia CM, and Thompson JF. Cytoskeletal 
association of epidermal growth factor receptor and associated 
signaling proteins is regulated by cell density in IEC-6 intestinal 
cells. Journal of Cellular Physiology. 1997; 172: 126-136. 

25. Tvorogov D and Carpenter G. EGF-dependent association of 
phospholipase C-gammal with c-Cbl. Experimental Cell 
Research. 2002; 277: 86-94. 

26. Baylis HA, Furuichi T, Yoshikawa F, Mikoshiba K, and Sattelle 
DB. Inositol 1,4,5-trisphosphate receptors are strongly expressed 
in the nervous system, pharynx, intestine, gonad and excretory 
cell of Caenorhabditis elegans and are encoded by a single gene 
(itr-1). J Mol Biol. 1999; 294: 467-476. 

27. Castellano E and Downward J. RAS Interaction with PI3K: 
More Than Just Another Effector Pathway. Genes & Cancer. 
2011; 2: 261-274. 

28. Vivanco I and Sawyers CL. The phosphatidylinositol 3-Kinase 
AKT pathway in human cancer. Nature Reviews. Cancer. 2002; 2: 
489-501. 

29. Morgensztern D and McLeod HL. PI3K/Akt/mTOR pathway as 
a target for cancer therapy. Anti-Cancer Drugs. 2005; 16: 797- 
803. 

30. Yen K, Narasimhan SD, and Tissenbaum HA. DAF- 
16/Forkhead box O transcription factor: many paths to a single 
Fork(head) in the road. Antioxidants & Redox Signaling. 2011; 
14: 623-634. 

31. Kimura KD, Tissenbaum HA, Liu Y, and Ruvkun G. daf-2, an 
insulin receptor-like gene that regulates longevity and diapause 
in Caenorhabditis elegans. Science. 1997; 277: 942-946. 

32. Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu LS, 
Anderson MJ, Arden KC, Blenis J, and Greenberg ME. Akt 
promotes cell survival by phosphorylating and inhibiting a 
Forkhead transcription factor. Cell. 1999; 96: 857-868. 

33. Brunet A, Park J, Tran H, Hu LS, Hemmings BA, and 
Greenberg ME. Protein kinase SGK mediates survival signals by 
phosphorylating the forkhead transcription factor FKHRL1 
(FOX03a). Molecular and Cellular Biology. 2001; 21: 952-965. 

34. Hertweck M, Gobel C, and Baumeister R. C. elegans SGK-1 is 
the critical component in the Akt/PKB kinase complex to control 
stress response and life span. Developmental Cell. 2004; 6: 577- 
588. 



35. Berdichevsky A, Viswanathan M, Horvitz HR, and Guarente L. 
C. elegans SIR-2.1 interacts with 14-3-3 proteins to activate DAF- 
16 and extend life span. Cell. 2006; 125: 1165-1177. 

36. Li J, Tewari M, Vidal M, and Lee SS. The 14-3-3 protein FTT-2 
regulates DAF-16 in Caenorhabditis elegans. Developmental 
Biology. 2007; 301: 82-91. 

37. Lee RY, Hench J, and Ruvkun G. Regulation of C. elegans DAF- 
16 and its human ortholog FKHRL1 by the daf-2 insulin-like 
signaling pathway. Current Biology 2001; 11: 1950-1957. 

38. Lin K, Hsin H, Libina N, and Kenyon C. Regulation of the 
Caenorhabditis elegans longevity protein DAF-16 by insulin/IGF- 
1 and germline signaling. Nature Genetics. 2001; 28: 139-145. 

39. Lee SS, Kennedy S, Tolonen AC, and Ruvkun G. DAF-16 target 
genes that control C. elegans life-span and metabolism. Science. 
2003; 300: 644-647. 

40. McElwee J, Bubb K, and Thomas JH. Transcriptional outputs 
of the Caenorhabditis elegans forkhead protein DAF-16. Aging 
Cell. 2003; 2: 111-121. 

41. Murphy CT, McCarroll SA, Bargmann CI, Fraser A, Kamath RS, 
Ahringer J, Li H, and Kenyon C. Genes that act downstream of 
DAF-16 to influence the lifespan of Caenorhabditis elegans. 
Nature. 2003; 424: 277-283. 

42. Oh SW, Mukhopadhyay A, Dixit BL, Raha T, Green MR, and 
Tissenbaum HA. Identification of direct DAF-16 targets 
controlling longevity, metabolism and diapause by chromatin 
immunoprecipitation. Nature Genetics. 2006; 38: 251-7. 

43. Malone EA and Thomas JH. A screen for nonconditional 
dauer-constitutive mutations in Caenorhabditis elegans. 
Genetics. 1994; 136: 879-886. 

44. Pierce SB, Costa M, Wisotzkey R, Devadhar S, Homburger SA, 
Buchman AR, Ferguson KC, Heller J, Piatt DM, Pasquinelli AA, Liu 
LX, Doberstein SK, and Ruvkun G. Regulation of DAF-2 receptor 
signaling by human insulin and ins-1, a member of the unusually 
large and diverse C. elegans insulin gene family. Genes & 
Development. 2001; 15: 672-686. 

45. Dlakic M. A new family of putative insulin receptor-like 
proteins in C. elegans. Current Biology. 2002; 12: R155-157. 

46. Iwasa H, Yu S, Xue J, and Driscoll M. Novel EGF pathway 
regulators modulate C. elegans healthspan and lifespan via EGF 
receptor, PLC-gamma, and IP3R activation. Aging Cell. 2010; 9: 
490-505. 

47. Yu Y, Rishi AK, Turner JR, Liu D, Black ED, Moshier JA, and 
Majumdar AP. Cloning of a novel EGFR-related peptide: a 
putative negative regulator of EGFR. American Journal of 
Physiology. Cell Physiology. 2001; 280: C1083-1089. 

48. Katz WS, Lesa GM, Yannoukakos D, Clandinin TR, 
Schlessinger J, and Sternberg PW. A point mutation in the 
extracellular domain activates LET-23, the Caenorhabditis 
elegans epidermal growth factor receptor homolog. Mol Cell 
Biol. 1996; 16: 529-537. 

49. Clandinin TR, DeModena JA, and Sternberg PW. Inositol 
trisphosphate mediates a RAS-independent response to LET-23 
receptor tyrosine kinase activation in C. elegans. Cell. 1998; 92: 
523-533. 

50. Okuyama T, Inoue H, Ookuma S, Satoh T, Kano K, Honjoh S, 
Hisamoto N, Matsumoto K, and Nishida E. The ERK-MAPK 
pathway regulates longevity through SKN-1 and insulin-like 
signaling in Caenorhabditis elegans. J Biol Chem. 2010; 285: 
30274-30281. 



www.impactaging.com 



903 



AGING, September 2011, Vol.3 No.9 



51. Berset T, Hoier EF, Battu G, Canevascini S, and Hajnal A. 
Notch inhibition of RAS signaling through MAP kinase 
phosphatase LIP-1 during C. elegans vulval development. 
Science. 2001; 291: 1055-1058. 

52. Zipper LM and Mulcahy RT. Erk activation is required for Nrf2 
nuclear localization during pyrrolidine dithiocarbamate 
induction of glutamate cysteine ligase modulatory gene 
expression in HepG2 cells. Toxicological Sciences : An Official 
Journal of the Society of Toxicology. 2003; 73: 124-134. 

53. Inoue H, Hisamoto N, An JH, Oliveira RP, Nishida E, Blackwell 
TK, and Matsumoto K. The C. elegans p38 MAPK pathway 
regulates nuclear localization of the transcription factor SKN-1 in 
oxidative stress response. Genes Dev. 2005; 19: 2278-2283. 

54. An JH and Blackwell TK. SKN-1 links C. elegans 
mesendodermal specification to a conserved oxidative stress 
response. Genes Dev. 2003; 17: 1882-1893. 

55. Liu G, Rogers J, Murphy CT, and Rongo C. EGF signalling 
activates the ubiquitin proteasome system to modulate C. 
elegans lifespan. The EMBO Journal. 2011; 30: 2990-3003. 

56. Butt TR, Khan Ml, Marsh J, Ecker DJ, and Crooke ST. 
Ubiquitin-metallothionein fusion protein expression in yeast. A 
genetic approach for analysis of ubiquitin functions. J Biol Chem. 
1988; 263: 16364-16371. 

57. Johnson ES, Ma PC, Ota IM, and Varshavsky A. A proteolytic 
pathway that recognizes ubiquitin as a degradation signal. J Biol 
Chem. 1995; 270: 17442-17456. 

58. Dantuma NP, Lindsten K, Glas R, Jellne M, and Masucci MG. 
Short-lived green fluorescent proteins for quantifying 
ubiquitin/proteasome-dependent proteolysis in living cells. Nat 
Biotechnol. 2000; 18: 538-43. 

59. Szewczyk NJ, Peterson BK, Barmada SJ, Parkinson LP, and 
Jacobson LA. Opposed growth factor signals control protein 
degradation in muscles of Caenorhabditis elegans. EMBO J. 
2007; 26: 935-943. 

60. Koegl M, Hoppe T, Schlenker S, Ulrich HD, Mayer TU, and 
Jentsch S. A novel ubiquitination factor, E4, is involved in 
multiubiquitin chain assembly. Cell. 1999; 96: 635-644. 

61. Thrower JS, Hoffman L, Rechsteiner M, and Pickart CM. 
Recognition of the polyubiquitin proteolytic signal. EMBO J. 
2000; 19: 94-102. 

62. Hoppe T. Multiubiquitylation by E4 enzymes: 'one size' 
doesn't fit all. Trends Biochem Sci. 2005; 30: 183-187. 

63. Howard RM and Sundaram MV. C. elegans EOR-1/PLZF and 
EOR-2 positively regulate Ras and Wnt signaling and function 
redundantly with LIN-25 and the SUR-2 Mediator component. 
Genes Dev. 2002; 16: 1815-1827. 

64. Rocheleau CE, Howard RM, Goldman AP, Volk ML, Girard LJ, 
and Sundaram MV. A lin-45 raf enhancer screen identifies eor-1, 
eor-2 and unusual alleles of Ras pathway genes in 
Caenorhabditis elegans. Genetics. 2002; 161: 121-131. 

65. Sun Y and MacRae TH. Small heat shock proteins: molecular 
structure and chaperone function. Cell Mol Life Sci. 2005; 62: 
2460-2476. 

66. Haslbeck M, Franzmann T, Weinfurtner D, and Buchner J. 
Some like it hot: the structure and function of small heat-shock 
proteins. Nat Struct Mol Biol. 2005; 12: 842-846. 

67. McHaourab HS, Godar JA, and Stewart PL. Structure and 
mechanism of protein stability sensors: chaperone activity of 
small heat shock proteins. Biochemistry. 2009; 48: 3828-3837. 



68. Bai C, Sen P, Hofmann K, Ma L, Goebl M, Harper JW, and 
Elledge SJ. SKP1 connects cell cycle regulators to the ubiquitin 
proteolysis machinery through a novel motif, the F-box. Cell. 
1996; 86: 263-274. 

69. Schulman BA, Carrano AC, Jeffrey PD, Bowen Z, Kinnucan ER, 
Finnin MS, Elledge SJ, Harper JW, Pagano M, and Pavletich NP. 
Insights into SCF ubiquitin ligases from the structure of the Skpl- 
Skp2 complex. Nature. 2000; 408: 381-386. 

70. Zheng N, Schulman BA, Song L, Miller JJ, Jeffrey PD, Wang P, 
Chu C, Koepp DM, Elledge SJ, Pagano M, Conaway RC, Conaway 
JW, Harper JW, et al. Structure of the Cull-Rbxl-Skpl-F boxSkp2 
SCF ubiquitin ligase complex. Nature. 2002; 416: 703-709. 

71. Willems AR, Schwab M, and Tyers M. A hitchhiker's guide to 
the cullin ubiquitin ligases: SCF and its kin. Biochim Biophys Acta. 
2004; 1695: 133-170. 

72. Kipreos ET. Ubiquitin-mediated pathways in C. elegans. 
WormBook. 2005; 1-24. 

73. Ghazi A, Henis-Korenblit S, and Kenyon C. Regulation of 
Caenorhabditis elegans lifespan by a proteasomal E3 ligase 
complex. Proc Natl Acad Sci USA. 2007; 104: 5947-5952. 

74. Aoki M, Jiang H, and Vogt PK. Proteasomal degradation of the 
FoxOl transcriptional regulator in cells transformed by the P3k 
and Akt oncoproteins. Proceedings of the National Academy of 
Sciences of the United States of America. 2004; 101: 13613-13617. 

75. Huang H, Regan KM, Wang F, Wang D, Smith Dl, van Deursen 
JM, and Tindall DJ. Skp2 inhibits FOXOl in tumor suppression 
through ubiquitin-mediated degradation. Proceedings of the 
National Academy of Sciences of the United States of America. 
2005; 102: 1649-1654. 

76. Plas DR and Thompson CB. Akt activation promotes 
degradation of tuberin and FOX03a via the proteasome. The 
Journal of Biological Chemistry. 2003; 278: 12361-12366. 

77. Carrano AC, Liu Z, Dillin A, and Hunter T. A conserved 
ubiquitination pathway determines longevity in response to diet 
restriction. Nature. 2009; 460: 396-399. 

78. Li W, Gao B, Lee SM, Bennett K, and Fang D. RLE-1, an E3 
ubiquitin ligase, regulates C. elegans aging by catalyzing DAF-16 
polyubiquitination. Developmental cell. 2007; 12: 235-246. 

79. Lucanic M and Kapahi P. Ubiquitin ligases join the field of 
dietary restriction in C. elegans. Aging. 2009; 1: 751-752. 

80. Murphy CT, Lee SJ, and Kenyon C. Tissue entrainment by 
feedback regulation of insulin gene expression in the endoderm 
of Caenorhabditis elegans. Proc Natl Acad Sci USA. 2007; 104: 
19046-19050. 

81. Bartke A. Single-gene mutations and healthy ageing in 
mammals. Philosophical transactions of the Royal Society of 
London. Series B, Biological sciences. 2011; 366: 28-34. 

82. Depuydt G, Vanfleteren JR, and Braeckman BP. Protein 
metabolism and lifespan in Caenorhabditis elegans. Advances in 
experimental medicine and biology. 2010; 694: 81-107. 

83. Jia K and Levine B. Autophagy and longevity: lessons from C. 
elegans. Advances in experimental medicine and biology. 2010; 
694: 47-60. 

84. Kaletsky R and Murphy CT. The role of insulin/IGF-like 
signaling in C. elegans longevity and aging. Disease models & 
mechanisms. 2010; 3: 415-419. 

85. Kenyon C. A pathway that links reproductive status to 
lifespan in Caenorhabditis elegans. Annals of the New York 
Academy of Sciences. 2010; 1204: 156-162. 



www.impactaging.com 



904 



AGING, September 2011, Vol.3 No.9 



86. McCormick MA, Tsai SY, and Kennedy BK. TOR and ageing: a 
complex pathway for a complex process. Philosophical 
transactions of the Royal Society of London. Series B, Biological 
sciences. 2011; 366: 17-27. 

87. Mehta R, Chandler-Brown D, Ramos FJ, Shamieh LS, and 
Kaeberlein M. Regulation of mRNA translation as a conserved 
mechanism of longevity control. Advances in experimental 
medicine and biology. 2010; 694: 14-29. 

88. Kenyon CJ. The genetics of ageing. Nature. 2010; 464: 504- 
512. 

89. Swindell WR. Heat shock proteins in long-lived worms and 
mice with insulin/insulin-like signaling mutations. Aging. 2009; 1: 
573-577. 

90. Williams TW, Dumas KJ, and Hu PJ. EAK proteins: novel 
conserved regulators of C. elegans lifespan. Aging. 2010; 2: 742- 
747. 

91. Rahman MM, Stuchlick O, El-Karim EG, Stuart R, Kipreos ET, 
and Wells L. Intracellular protein glycosylation modulates insulin 
mediated lifespan in C. elegans. Aging. 2010; 2: 678-690. 



www.impactaging.com 905 AGING, September 2011, Vol.3 No.9 



